Establishment and maintenance of correct partitioning of proteins and RNA molecules between nucleus and cytoplasm in a sine qua non of the viability of eukaryotic cells. Cytoskeletal elements play several roles in such partitioning: controlling the diffusion of proteins within the main cell compartments; presenting transportable macromolecular ligands to receptor sites within the pore complexes; maintaining the structure and dynamics of the pore complexes themselves. The solid-state transport machinery which moves mRNA molecules between particular sites in nucleus and cytoplasm is dependent on actin and other fibrils, and the migration of other major RNA types might show similar dependence. These various aspects of macromolecule partitioning illustrate one way in which the cytoskeleton is fundamental to the eukaryotic state.
Introduction
Appropriate nucleocytoplasmic distributions of numerous different RNA and protein species have to be established and maintained throughout interphase. This is a condition of viability for any eukaryotic cell. Two general mechanisms are involved in the choreographing of such distributions: macromolecule binding to structures in one or both cellular compartments; and transport from one compartment to the other. This paper reviews our reasons for believing that both these mechanisms involve the cell's internal skeleton.
Two terms used here need clarification: 'transport' and 'cell's internal skeleton'. With regard to macromolecule distributions between nucleus and cytoplasm, 'transport' cannot be construed as simple migration across a barrier between the two compartments, in each of which the substrate is freely soluble. Rather, it is transfer from a specific Abbreviation used: snRNP, small nuclear ribonucleoproteins. location in one compartment (the site of synthesis or maturation) to a specific location in the other (the site of utilization). Therefore, however important the events at the nuclear pore complex are, they are not the whole of nucleocytoplasmic macromolecule transport. Release from, and binding to, structures within compartments are also involved. Therefore, transport in this context has to be regarded minimally as a three-stage process: release from a binding site; translocation through the pore complex;
and binding to another site [ 11. However, this need not imply three distinct mechanisms. In some cases at least, macromolecule transport is a continuous 'solid-state' process [ 11.
The phrase 'cell's internal skeleton' refers not only to the cytoskeleton as it is usually conceived, but also to two other kinds of structures: (i) the skeleton of the nucleus, and (ii) the proteinaceous networks contiguous with the lipid bilayers of intracellular membranes.
(i) So far as the former of these is concerned, the nuclear lamina, which bears the same topological relationship to the inner nuclear membrane as the cell cortex does to the plasma membrane, is uncontroversial. Its components, the lamins, are well characterized (they are closely related to the cytokeratins 12, 3 ] ) , and its molecular architecture is now fairly well understood [4] . However, there is controversy about the proposed 'internal nuclear matrix' or 'nucleoskeleton' or 'karyoskeleton'. Broadly, cell biologists seem to believe in some such structure, but molecular biologists do not. For reasons discussed elsewhere [ 1, 51, the existence of a nucleoskeleton in situ is assumed here, corresponding more closely to the structure described, e.g. by Penman and his colleagues [6] than to that obtained, e.g. by Herezney and his colleagues 171 (though the properties of the latter are not without interest). The isolated 'nuclear reticulum' preparation described by Comerford et al. [8] is morphologically similar to the 'nuclear matrix' characterized by Penman and co-workers, and its components Volume 19 include DNA topoisomerase I1 and actin. The significance of this point for nucleocytoplasmic macromolecule distributions will become clear below.
(ii) So far as the proteinaceous networks of membranes are concerned, only two points need to be noted here. First, it now seems that cellular membranes in general are constructed in a way that is architecturally and physically similar to plasma membranes, i.e. they comprise a lipid bilayer and some kind of contiguous protein network. This suggests that the 'fluid mosaic' model needs to be modified as a general account of biomembrane organization [9] . Secondly, most, if not all, membrane protein networks are continuous with elements of the cytoskeleton [6, lo].
Macromolecule distributions: some general findings
Some common principles have emerged from a wide range of studies on nuclear protein targeting, nucleocytoplasmic RNA transport, and the morphology and biochemistry of the nuclear envelope and surrounding structures.
1. High-energy transmission electron microscopy of resinless sections seems to reveal a continuous nucleocytoplasmic fibrillar system, encompassing the cytoskeleton and the nucleoskeleton. The nuclear pore complexes form parts of this system [h, 11, 121. Short, fine fibrils, possibly of the tails of an actin-binding protein, link the pore complexes to the cytoskeleton [ 121. Intermediate filament proteins bind specifically to lamin R (the lamin most tightly associated with the innernuclear membrane), presumably via the pore complexes [ 13, 141. Thus, the cell appears to have an apparatus of the kind that 'solid-state' nucleocytoplasmic macromolecule transport would require.
2. Neither nuclear proteins, nor ribonucleoprotein complexes, nor many cytoplasmic proteins, are freely mobile within their cellular compartments [e.g. 5, 1 1, [15] [16] [17] [18] . Nucleoplasmic/cytoplasmic concentration ratios of these materials, and their rates of movement between compartments, depend on intracompartmental binding. 4. Binding of a location signal to its pore complex receptor is of fairly low affinity (dissociation constants are typically around 10-i\~), is rapid, is ATP-independent, and is insensitive to wheat-germ agglutinin [23, 24] .
5. The actual translocation event through the pore complex is relatively slow, is inhibited by wheat-germ agglutinin, and (for proteins and many mRNA species at least) is ATP dependent [23, 241. The sensitivity to wheat-germ agglutinin is, at least in some cases, attributable to the involvement of one of the pore complex glycoproteins, Gp62, which contains N-acetylglucosamine 125-271. The dependence of ATP may indicate the involvement of the nuclear envelope nucleoside triphosphatase; this is well established in the case of mRNAs [ZXJ.
It must be emphasized that principles 2-5, above, seem to be valid both for nuclear proteins, and for many of the ribonucleoproteins that migrate between nucleus and cytoplasm. Principle 1 recalls
Maul's evidence [29] that the pore complex is a dynamic structure, assembled within the nucleus and migrating to the surface along the fibrillar system of which it is a specialized part.
The nucleocytoplasmic transport of mRNA will now be reviewed in some detail. The significance of the cell's internal skeleton will be highlighted. Afterwards, the movements of ribosomes, tRNA, proteins and snRNPs will be considered more briefly, emphasizing the similarities and differences between these cases and that of mRNA.
mRNA transport
Studies on the ovalbumin messenger in hen oviduct [30] show that both mature intranuclear mRNA and the splicing intermediates are bound to 'nuclear reticulum' preparations [8]. This conforms to the belief that all nuclear messengers and their precursors are bound to the nucleoskeleton [ l , 5, 6, 11, 1 81. Cytochalasin I3 selectively solubilizes the splicing intermediates of ovalbumin mRNA from the isolated preparation, while concentrations of 10 pul\i of ATP or ATP analogues selectively solubilize the mature mRNA [30] . ATP-dependent mRNA solubilization is prevented by inhibitors of DNA topoisomerase 11.
Several studies have indicated that actin [31] and DNA topoisomerase I1 [ 321 are major components of the nucleoskeletal fibres. There is evidence that the C-group proteins of the ribonucleosome are most intimately associated with the nucleoskeleton [33] , and it is well established that these proteins, indeed all the core sextet of ribonucleosome proteins, are associated with coding sequences rather than with introns [34] . Therefore, the results from
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of nuclear messengers and pre-messengers are bound via the C-group proteins to DNA topoisomerase I1 fibrils, and may suggest that splicing intermediates are linked via the introns to actin fibrils. This picture has interesting implications for our understanding of the higher-order organization of nuclear messenger precursors beyond the spliceosome level.
The presentation of mature mRNA to the pore complex for translocation seems to follow rapidly on release from the spliceosome [35] , and it is probably at this stage in mRNA transport that the ribonucleosomal proteins dissociate from the messenger. Some details of the translocation process remain elusive. In most somatic cell types, though apparently not in cancer cells, the process is dependent on ATP hydrolysis by the nucleoside triphosphatase [ 5, 281 and it is inhibited by antibodies against the pore complex glycoprotein Gp62 [25, 361 . Electron microscope tomographic studies on the 35s messenger from the lampbrush chromosomes of Chironomus salivary glands suggest that the mRNA reaches the pore complex 5'-end first [37] , but in some messengers at least the signal sequence for translocation seems to be the poly(A) at the 3'-end (see [ S ] for review; but see also [35] ). Interestingly. immunocytochemical studies with this anti-P110 monoclonal antibody show a reaction throughout the cytoplasmic actin filament system [40] . It therefore seems that the receptor for translocation is, or is tightly associated with, an actin-binding protein and is not exclusively a nuclear envelope component. This finding may be related to evidence suggesting that all translationally active (polysomal) messengers are bound to the cytoskeleton, primarily to the actin filaments [ 11, 41, 421 (see the introduction of [42] for a good short review of the evidence). A difficulty with this view is that polysomes involved in extracellular protein synthesis are unquestionably linked to the rough endoplasmic reticulum by the signal receptor system, the dynamics of which are now well understood [43] . However, given that the rough endoplasmic reticulum has a protein network containing actin as well as a lipid bilayer containing the signal receptor protein (see above), the two opinions, that polysomes for extracellular proteins are linked to the rough endoplasmic reticulum by (i) actin or (ii) the signal receptor, do not necessarily conflict.
Two important questions arise from these studies. First, what is the mechanism of generation of movement along the fibrils? The NTPase might serve as a myosin-type motor, but although translocation of mRNA is inhibited by anti-actins, it is not inhibited by antibodies to muscle myosin. Alternatively, movement might occur, e.g. by treadmilling of the fibrils. Secondly, why (as seems to be the case) is the ribonucleoprotein transferred from actin to DNA topoisomerase I1 fibrils after maturation, only to be returned to actin fibrils during or immediately after translocation? This curious phenomenon might be relevant to regulation of mRNA movement to the cytoplasm.
Ribosomes
Three polypeptide components of the residual fibrillar skeleton of the nucleolus seem to be involved in ribosome transport and assembly. The 180 kDa polypeptide has been implicated in transcription and processing of the ribosomal genes [44] . the 38 kDa protein H23 in particle assembly [45] , and the 145 kDa component in storage and transport [46] . Neither the mechanism of ribosome release from these intranucleolar binding sites nor the mechanism of translocation through the pore complex is at all clear, but there is no com;7elling evidence for ATP dependence in either case. In Saccharomyces cerevkiae, at least, the two ribosomal subunits seem to be translocated independently, because mutants have been isolated in which cytoplasmic emergence of only one subunit is inhibited I 471. No translocation signal has yet been identified.
Ijinding to the cytoskeleton may be via the rnRNA only (see above), but the possibility of direct ribosome binding cannot be excluded.
In general, ribosome transport follows the same pattern as mRNA transport in that it depends on the 'solid-state' machinery of the cell. However, the process is less well characterized, and details of all stages remain matters for future research.
tRNA, snRNPs and proteins
There is no evidence for the involvement of the 'solid-state' machinery in nucleocytoplasmic transport of other macromolecules and macromolecular complexes, but neither can such involvement be excluded. Studies to date have focused almost exclusively on the translocation stage of transport of tRNAs and snRNPs, and, for this reason alone, any part played by the cell's internal skeleton in the overall transport processes could have been over- Volume 19 looked. A brief summary of what is known about translocation will be given first, and then the possibility of the involvement of 'solid-state' machinery will be evaluated.
A good deal is known about the signals for translocation. In tRNAs, Gji and the contiguous bases in the highly conserved L)-loop seem to be crucial [21] . In proteins, the location signals necessary for translocation into the nucleus are short oligopeptide sequences, which seem to have a common secondary-structural characteristic: a turn-helix-turn motif in which the helix has at least one cationic face [ 1, 16, 201. In U,snRNP, the nuclear location signal is AU,G ( n 6), but this signal is accessible to the signal receptor in the pore complex only when the snRNA is bound to its proteins [4X]. This presumably accounts for the finding that in Xenopus oocytes, the IJsnRNAs leave the nucleus and re-enter only when they have been assembled into the snKNPs using the pool of binding proteins in the cytoplasm [40] .
Protein uptake into the nucleus seems to depend on ATP hydrolysis [23, 241, but [50] [51] [52] as determined by SI)S/PAGE. It seems likely that two of these polypeptides, 55-60 kDa and 70-75 kDa, are common to the three studies.
Interestingly, there is some evidence that a monoclonal antibody that might react with the smaller of these polypeptides reacts with a fibrillar system extending throughout the cytoplasm (see [ 11 for discussion). This recalls the cytoplasmic distribution of P110, which has the analogous role in mRNA translocation (see above). If the finding is valid, why do fluorescent antibodies against cytoplasmically microinjected mutants of nuclear proteins show a diffuse rather than a fibrillar fluorescence pattern? A possible reason lies in the low affinity (about 10' \I) of ligand for receptor. When high concentrations of ligand are microinjected, the majority of it will be unbound. Therefore, any fibril-associated fluorescence will be swamped by the excess of fluorescence from unbound protein.
The possibility remains open that migration to the pore complex and on into the nucleus involves 'solid-state' machinery. In this context, the non-diffusibility of a substantial percentage of the cytoplasmic proteins, even in the amphibian oocyte, may be important (see [ 161 for discussion).
On the other hand, the migration of ULsnRNP into the nucleus is not affected by cytochalasin or colchicine [48] . Therefore, if any 'solid-state' machinery is involved in this case, it does not appear to involve either of the cytoskeletal elements usually involved in intracellular dynamics.
Conclusion
The main argument of this paper is that many if not all nucleocytoplasmic macromolecule distributions depend on the 'cell's internal skeleton', which comprises cytoskeleton, nucleoskeleton and the protein networks contiguous with the lipid bilayers of internal membranes. The skeletal system is involved not only in intracompartmental binding, but also in migration from one compartment to the other. In the case of mKNA. at least, the existence of this 'solid-state transport' process is fairly well established. With respect to other macromolecules, the lack of supporting evidence might simply reflect the emphasis placed so far on translocation through the pore complexes.
Granted that eukaryotic cells have an inescapable requirement for a correctly orchestrated nucleocytoplasmic partitioning of their proteins and KNPs, this argument provides one reason why the existence of an elaborate cytoskeleton is co-extensive with the eukaryotic state.
